Truncation artifacts can occur in s i m u l t a n e o u s emission transmiss:ion SPECT imaging even w i t h parallel geometry, especially when the a c q u i s i t i o n geometry is optimized for emission at the e x p e n s e of the transmission data. We hypothesized that t h e addition of only :a few projections sampling t h e truncated area after a bedhamera shift could p e r m i t a significant improvement in image quality w i t h only a small increalse in imaging time. Because i n parallel geometry, such a shift results in c o l u m n shifts of the siriogram at each angle, it i s straightforward to merge any additional p r o j e c t i o n into the original sinogram, thereby p a r t i a l l y completing it. The resulting data still require t h e use of an iterative reconstruction a l g o r i t h m . Improvements due ito partial completion are studied in the case of a 90 degree dual-headed camera: Results on simulatedl and true data show that only 4 completed projections can lead to a better recovery of the truncated area than does the a p r i o r i knowledge of the hody contour.
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I. INTRODUCTION
Dual-headed SPECT cameras with scanning line sources are used to perform the simultaneous acquisition of transmission and emission data [l]. Precise bed motion is used to position the patient as close as possible to both collimators for optimal resolution at each step. Such positioning, while optimal for resolution, will frequently result in truncation. Depending on the distribution of the radioisotope, this truncation may be of no consequence for the emission scan, but may greatly affect the attenuation map, and therefore produce incorrect attenuation correction. To overcome this problem, additional information must be gathered. The a priori la~owledge of the body contour has been used for completing analytically the truncated projections [2] or for improving iterative reconstruction performances [3-61. However an accurate estimation of the body contour is not available on most current generation gamma-cameras, whereas bed motion is. Another solution is to rescan the subject at a second position to fill in the missing measurements. But it greatly expands the acquisition time or increase the noise in the data [7] . The following work analyzes the restoration of truncated attenuation maps by sampling the truncated area with very few (up to 4) additional projections after applying a We consider a transmission sinogram s ( 8 , v ) acquired from an object in a position suitable for gathering the emission data but results in a truncation of the transmission data. We denote s,u,yo (8, v) the sinogram of the same object once it has been translated to position xn and yo in the fixed coordinate system, or .,,(e) and v n ( e ) in the rotating system. This sinogram is related to the sinogram s(0,v)of the non translated object f by:
Because s,~,~, (8, v) can be merged with s( 8, v) by shifting each row by -.,,(e), we can partially "complete" the sinogram. To minimize interpolation errors, the additional projections resample the previously acquired projection, i.e. at angular positions already used. Two measurements of the same projection bin are averaged together. When a translation 0-7803-4258-5/98/$10 00 0 1998 IEEE introduces a fractional measurement at an edge of the by either preprocessing the data or postprocessing the resampled projection, the value is discarded.
B. Reconstruction:
reconstruction.
D. Completion versus Contour:
Because only a few additional projections are used, the first acquisition is still incomplete and the resulting sinogram must be reconstructed with an iterative algorithm. In order to take into account the fact that data are missing, the Radon transform matrix R is replaced by R,,whose coefficients relating a pixel i to bin j are defined by (R,,),, = RI, if bin j has been measured and ( Rtr),, = 0 otherwise. We use the Frequency Weighted Least Squares algorithm (FWLSQ) regularized by the norm of the gradient of the image [6] , i.e.
we minimize the following criterion with the conjugate gradient scheme (Dis the operation of ramp filtering, a is a scalar and V is the gradient operator):
To evaluate the impact of completion, it was compared to the use of the a priori knowledge of the body contour. Such knowledge improves the recovery of reconstruction from truncated data but is not available on our gamma-cameras whereas accurate bed positions can be set and recorded. With simulations, a perfect body contour can be obtained form the reference image, but this is not realistic for actual patient data. Rather, error was introduced into the body contour by extracting the contour from a blurred reference image.
Note that the reconstruction grid itself defines a contour and so the results vary with the size of the grid. Artifacts are produced if the grid is unnecessarily large by introducing too many degrees of freedom and thereby allowing too many pixels to vary outside the object boundaries.
C. Gaussian regularization: 111. EXPERIMENTS AND RESULTS
Regularization is needed because the number of measurements is not sufficient to assign a unique image to the truncated sinogram. A unique smooth approximation of the true distribution is selected by the regularization at the expense of a loss of reSOlUtiOn. Linking the regularization parameter to the amount of smoothing i S not trivial in general, but some hints can be found in this particular case.
A. Simulation and phantom study:
A human torso phantom was scanned for two different bed positions with a 90 degree du&had& SpECT camera equipped with two scanning line Sources and parallel hole collimation. The first scan was truncated because the phantom was placed very close to one head (e.g. for optimized The linear system solved by (2) is the following:
( R,: DR,, + C X A )~ = R; , DS
(3)
When truncation tends to 0, we have R;,DR,, + I (the identity matrix) and RbDs -+ f * (the perfect map), so that the solution of (3) becomes:
for a small a . One recognizes the diffusion scheme that is used to compute the convolution of an image with a gaussian. Therefore the filtering introduced by the regularization can be estimated as a gaussian filtering of full width at half maximum (fwhm) 3.33 da . We set a = 0.1 (if the central value of the Laplacian operator is 4), which is small enough such that equation (4) is true, yet strong enough to avoid high frequency patterns. We actually expect less filtering than the predicted one pixel fwhm because reprojection and backprojection involves interpolation resulting in smoothing that is deconvolved by the iterative process (This is an additional reason of instability for iterative reconstruction algorithm.) As in [6], we consider this result true only for the image pixels that are seen at any angle of the acquisition.
A small regularization will produce an output that is slightly less noisy than the output of the filtered backprojection with a ramp filter. The noise must be reduced emission resolution in cardiac SPECT), and therefore was partially out of the field of view of the second head (see fig.  1 ). While the truncation of the emission data might well be of little importance (e.g., for cardiac imaging with low uptake outside the heart), truncation of the transmission data could have severe consequences. To investigate the efficacy of using additional projections to correct this truncation, a second scan was performed with the bed shifted down 7.7 cm. Reconstruction of the fully completed scan provides a blurred estimate of the object contour. To determine the different parameters (number and angular positions of additional projections, number of iterations for the reconstruction algorithm), the same situation was simulated with a similar slice of the phantom taken from a CT scan as shown in fig.  2 . Fig. 2 also shows the extent of the simulated translation. The contour was estimated after blurring the reference image with a gaussian of 2 pixels fwhm. The pixel size is 0.456 cm in a 1OOxlOO grid. Noise free data and low counts data were generated where low count data correspond to 250 transmitted counts per measurement for a null attenuation path. The behavior of the reconstruction algorithm is evaluated by computing the root mean square error between each iteration and the reference image. Algorithm behavior is shown for 1, 2 and 4 additional projections. Since 30 angular positions are Fig. 2 . Reference image and truncation extent needed for a full scan with 2 heads, 4 additional projections acquired with the second head, where truncation occurred, requires a 15% increase in imaging time. The first resampled projection is at 0", the second at -15", the third and fourth at -30" and +15". For noisy data, the final iteration is filtered with a gaussian of 3 pixels fwhm. Figure 3 shows the plot of the nrms error versus the number of iterations for FWLSQ applied to noise free data. One additional projection provided a significant improvement as soon as it resamplecl the truncated area. However, the body contour provided a much faster convergence. With 4 projections, the completion method outperformed the results obtained using the contour. Fig. 4 shows the error computed from noisy reconstructions. Again, the limited completion method outperformed the contour knowledge. The regularization is efficient in stabilizing the reconstruction algorithm even without additional information. Fig. 5 to 7 show the reconstructions made with the FWLSQ algorithm in conjunction with different a priori knowledge. From left to right, the images were obtained without a priori knowledge (A, raw data), with contour and no completion (B), and with completion using 1, 2 or 4 projections and no ccintour (C-E) . Fig. 5 shows noise flee reconstructions. In image 5.A, the upper edge is reconstructed beyond its normal limit but the lungs are correctly delineated. Without a priori knowledge, the region anterior to the lungs which should be uniform is not recovered. The regularization term prevents any high frequency pattern from appearing, especially outside the object boundaries. Comparison between images 5.B and 5.C-E show that the improvement obtained with additional projedons is of a different nature than the improvement gained from knowledge of the body contour. With the body contour, reasonable edges are obtained and all the artifacts outside the contour are eliminated, but the truncated area is not a,dequately restored. As we complete the sinogram with 1 to 4 additional projections, the artifacts outside the body decrease and this same region anterior to the lungs is more accurately portrayed, especially on the left side of the images. Although artifacts persist outside the body, the overall recovery is superior with 4 additional projections. Better results could be obtained by coupling a loosely estimated contour with the limited completion technique. Fig. 6 shows the reconstructions from noisy simulations. Noise does not affect the pattern of recovery seen on noise free simulations, and the upper part of the phantom is better restored with additional projections. Knowledge of the body contour has the advantage of zeroing the background noise.
B. Results:
With measured data, the improvements due to a priori knowledge are seen primarily on the left part of the images. One additional projection gives good results, however, the differences between 1 and 4 projections seem very moderate.
In all cases, the limited completion technique, although based on very limited additional knowledge, significantly improved the reconstruction of the attenuation maps.
IV. CONCLUSION
Acquisition of additional projections that sample the truncated area is a feasible alternative to the acquisition of body contour information that is usually not possible. The limited completion technique makes use of readily available camera features, namely the ability to precisely set and record the bed position. Restoration of transmission maps can be obtained in a clinically practical way, requiring very little increase in imaging time and no additional device. 
